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BACKGROUND
Rubbers are used in many applications such as engine mounts, tires, hoses and seals etc., because of good damping characteristics and ability to withstand very large strains without permanent deformation. Since these applications impose large static and time-varying strains, fatigue analysis and strength evaluation are very important in product development process [1] . Fracture of rubber is initiated from imperfections present in the body and form cracks and they bring about the final fracture under applied loads. Thus the crack growth properties of rubber are important in deciding its strength [2] . Fatigue crack growth rate of elastomers and the effect of various factors like frequency, temperature, fillers and ozone were studied previously by Young [3] and Lake [4] . In typical automotive applications, for example engine mounts, the effect of temperature on fatigue life is very important as the mount experiences heat generated from the engine and also heat generated from hysterisis loss. The rubber mounts become aged after prolonged exposure to heat resulting in deterioration of mechanical properties because of thermo-oxidative degradation (main chain scisson and or crosslink scission) of rubber during heat aging. Fatigue crack growth properties at different aging conditions were studied previously by Mathew and De [5] and Kim and Lee [6] , but the study results were not enough to simulate the operating conditions experienced by engine mounts in automotive applications． This research will be primarily concerned with the effect of heat aging on fatigue crack growth rate of vulcanized natural rubber used in engine mount applications. The effect of heat aging on molecular mobility was also studied by measuring spin-spin relaxation time T 2 using pulsed Nuclear Magnetic Resonance(NMR).
EXPERIMENT

Preparation of rubber specimen and testing equipment:
The specimen used in this work was "pure shear" specimen and is shown in Fig.1 . The advantage of pure shear specimen is that the tearing energy is constant at fixed displacement test conditions. The specimens were prepared by vulcanizing the rubber between two metal plates to avoid the difficulties in clamping the rubber sheets during testing process. The material used in this study was carbon-filled vulcanized natural rubber with a shore A hardness of 55. To study the effect of heat aging, rubber specimens were heat-aged in air circulated oven. The aging temperature for this study was selected as 373K(100°C) and aging periods were 24h, 72h, 120h and 168h. These heat aging conditions were selected so as to mimic accelerated aging tests in automotive applications.
Fatigue crack growth measurements:
The cyclic tests of pure shear specimens of both aged and unaged were conducted using a single axis fatigue-testing machine. A crack, with a length of about 30mm was made on one end of the specimen using a sharp razor blade. Fatigue tests were conducted at room temperature under displacement-controlled conditions at a testing frequency of 3Hz. The applied tensile strain varied from 25% to 65% and all the experiments were conducted under fully relaxing conditions, i.e. the specimen is allowed to return to unstrained condition at the end of each cycle. The tensile strain can be defined as the ratio of input displacement to original height of the specimen. The machine was stopped periodically to measure and note the crack length and number of loading cycles. The crack length was measured using a digital slide caliper at unstrained condition. Crack growth photographs of an aged specimen captured during a fatigue test are shown in Fig. 2. 
Tearing energy calculations:
Rivlin and Thomas [7] showed that the fracture of rubber is controlled by strain energy release rate, or tearing energy and is given by,
where, T is tearing energy, W is total elastic energy stored in specimen and A c is the area of one fracture surface of the crack. The partial derivative indicates that the sample is considered at a fixed displacement L and no external work applied. They also showed that the tearing energy for a pure shear geometry is independent of crack length and is given by,
where, U is strain energy density and h is unstrained height of specimen. The strain energy density in this research was calculated from the collected stress-strain data of the uncut specimen at different levels of strain of interest.
Spin-spin relaxation time measurements using NMR:
The effect of heat aging on molecular mobility of rubber was investigated by measuring the spin-spin relaxation time T 2 by pulsed nuclear magnetic resonance (NMR). The apparatus, JEOL JNM-MU25 spectrometer operating at a 1 H resonant frequency of 25MHz was used to measure the T 2 . The aged and unaged specimens were cut into small pieces, approximately 2mm in size and placed in testing tube of the apparatus. The T 2 was measured from free induction decay (FID) followed by a 90º single pulse. The FID curve, M(t), is fitted to the Weibull function as per the study results by Serizawa et al. [8] and Kaufman et al. [9] as follows,
where, W is Weibull coefficient, M 0 is signal intensity at t=0 and T 2 is spin-spin relaxation time.
RESULTS
Tearing energies at different strain levels were calculated from load-displacement curves and plotted against aging period in Fig.3 . The tearing energy was increased with the increase in aging period as the modulus increased by heat aging. The increase in tearing energy was more noticeable at high strain levels than at low strain levels. The relationship between crack growth rate and tearing energy is shown in Fig.4 . It can be observed that the crack growth rate increased with tearing energy obeying power law. And the crack growth rate at a given tearing energy was higher for aged specimens and increased with the increase in aging period.
During heat aging process the crosslink density and crosslink structures (poly-sulfidic, disulfidic and mono-sulfidic crosslinks) were considered to be changed. The fatigue crack growth rate is proportional to the modulus and the modulus at a certain extension ratio is proportional to the total crosslink density. Since the modulus of aged specimens was increased by heat aging, the crack growth rate was also increased proportionally. The ratio of relatively rigid crosslinks such as di-sulfidic or mono-sulfidic cross-links were increased because of crosslink scission during heat aging. Since mono-sulphidic crosslinks are not flexible and cannot relieve cyclic stresses efficiently it is considered that the crack growth rate of aged specimens was higher than unaged specimens at a given tearing energy. The increase in di-sulfidic or mono-sulfidic crosslinks are related to the mobility of molecules and was measured from NMR experiments. The results of spin-spin relaxation time against heat aging period were plotted in Fig.5 . The measurements shown significant difference between aged and unaged samples. A drastic fall of T 2 was observed for aged specimens showing reduction in free mobility of chain segments. However the fall was much less sharp between aging periods of 72h and 168h. A corresonding increase in crack growth rate was observed in tearing energy versus crack growth rate plots. 
CONCLUSION
The effect of heat aging on fatigue crack growth rate of vulcanized natural rubber was studied using fracture mechanics approach. Fatigue tests were conducted at different tensile strains and the results were presented as power law relations between the crack growth rate dc/dN and tearing energy T. The crack growth rate at a given tearing energy was higher for aged specimens and increased with the increase in aging period. Also the effect of heat aging on change of molecular mobility was investigated by measuring the spin-spin relaxation time T 2 by pulsed NMR. The measurements shown significant difference between aged and unaged samples resembling the chage in molecular structure during heat aging.
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